Abstract Seasonal fluctuation of allochthonous subsidies influences food web structure and dynamics in recipient communities. This study investigated whether aquatic subsidies influence the dynamics of insectivorous birds in entire catchment. We estimated the prey biomass and bird density in riparian and upland habitats in three catchments in temperate deciduous forests in Hokkaido, Japan. Aquatic prey was found only in riparian forests and the biomass peaked in early spring, while terrestrial prey was equally distributed between habitats and increased in biomass in late spring. Bird density was higher in riparian than in upland forests before bud break, when the biomass of aquatic insects peaked, but was similar in both forests during the rest of the seasons. These results suggest that aquatic prey subsidies are used not only by birds inhabiting riparian forests, but also by birds associated with upland forests. Aquatic prey subsidies may be particularly important in the spring as a critical food resource for survival and the breeding activities of birds, thereby, influencing the population dynamics of bird communities.
Introduction
The movement of resource subsidies from one habitat to another can strongly influence food web structures and dynamics in adjacent communities (Polis and Hurd 1995; Huxel et al. 2002; Power 2002a, 2002b; Baxter et al. 2005) . While some studies assume that these allochthonous subsidies are constant over time (Polis and Hurd 1996) , seasonal variability in quality and quantity of subsidy input is frequently observed . Theoretical models show that seasonally fluctuating subsidies stabilize food web dynamics by raising the minimum carrying capacity of recipient habitats during the period of low in-situ productivity if consumers switch their prey preferences to correspond with prey availability (Post et al. 2000; Takimoto et al. 2002) . Such subsidy dynamics have been observed (Polis et al. 1997; Nakano and Murakami 2001) , but these investigations were limited in their spatial scope to habitats near boundaries. Because subsidies create a mosaic of resource patches across the landscape (Jackson and Fisher 1986) , their effects are expected to be carried farther away from boundaries by highly mobile consumers (Rose and Polis 1998; Power et al. 2004) .
The emergence of adult aquatic insects from streams may create temporal and spatial heterogeneity in prey availability for insectivorous predators. For instance, in temperate deciduous forests, insectivorous birds in riparian zones forage extensively for aquatic insects in early spring, when terrestrial resources are limited . However, as terrestrial productivity exceeds the aquatic system during the summer, many birds switch their foraging to terrestrial invertebrates. Distributions of aquatic insects are generally restricted to riparian forests (Gray 1993; Nakano and Murakami 2001) , thereby, creating spatial heterogeneity for resources across the catchment. However, it is not known whether such temporal and spatial resource heterogeneity influences community dynamics of birds across the entire catchment.
If aquatic resources are essential for birds in times of low terrestrial productivity, birds with upland territories are expected to aggregate in riparian forests during the early spring. During the summer, the bird distribution between these habitats should become more similar, as terrestrial productivity increases. Furthermore, species may respond differently to aquatic resources because of constraints on foraging behaviors . Generalist species that are capable of switching their prey items between aquatic and terrestrial invertebrates are expected to shift their foraging habitats more than either aquatic or terrestrial prey specialists.
In this study, we measured the seasonal changes in prey abundance and bird density at riparian and upland forest plots. Bird density was higher in riparian than upland plots when aquatic prey was abundant, but was evenly distributed as terrestrial prey biomass increased. In addition, species differed in the degree of aquatic prey use and habitat shift: prey generalist species shifted their foraging habitats more than specialist species.
Materials and methods

Study sites
The study was conducted in temperate deciduous forests in the Tomakomai Experimental Forest (TOEF) and the adjacent National Forest (42°41¢N, 141°31¢E-141°36¢E) in Hokkaido, the northern island of Japan (Fig. 1) . The study area encompasses the catchments of Horonai (24 km 2 in drainage area, 12.7 km in total length, 2-5 m in stream width), Kumanosawa (6.8 km 2 , 2.5 km, 1-2 m), and Tomakomai (52 km 2 , 24.6 km, 2-7 m), all of which are spring-fed and rarely disturbed by floods. The forests are fairly homogeneous across the catchments, and are mainly composed of second-growth deciduous trees, dominated by oak (Quercus crispula), maple (Acer palmatum and A. mono), and cherry (Prunus sargentii).
Insect sampling and bird censuses were conducted in 24 study plots (100·100 m) established in riparian and upland forests within the three catchments (Fig. 1) . We established four riparian plots randomly along the headwater of each stream, and four upland plots approximately 500 m away parallel to each stream. All study plots were separated by at least 200 m. Vegetation surveys of tree and shrub species were conducted with a 30·2 m transect per plot. There were no significant differences in the total basal area, species richness, or the Shannon's species diversity index of trees/shrubs between riparian and upland habitats and among the three catchments (two-way ANOVA with habitat and stream as factors, P>0.07 for all comparisons). . The canopy tree broke buds during late spring, but occurred a few days earlier in upland than in riparian plots. The canopy closed completely by the end of early summer and mature leaves persisted throughout late summer until defoliation in October. Fall sampling was conducted after defoliation, but before snowfall. Snow persisted during winter sampling and melted before early-spring sampling.
Estimation of prey biomass
Invertebrate biomass was surveyed once at each study plot during each sampling period. We collected aquatic and terrestrial flying insects using a half-sized Malaise trap [1 m high·1 m long·0.6 m wide, made of 0.5-mm mesh (Townes 1972 edges in riparian plots and in the middle of each upland plot. Terrestrial arthropods on tree foliage were collected from three oak trees per plot by tapping branches (>1.5 m high) with a wooden stick and collected arthropods that dropped onto a sheet (1·1 m in area) spread below . Leaves were carefully checked for remaining invertebrates. During the winter, prey abundance was surveyed at only eight plots in the Horonai Stream catchment (four in each habitat type), due to difficulties in accessing the other catchments. All insects collected were preserved in 70% ethanol, identified to order (to family for Diptera and Coleoptera), and sorted into aquatic and terrestrial groups (see Nakano and Murakami 2001 for details). The wet weight of each order or family was measured to the nearest 0.01 mg after blotting for 10 s. Their values were converted to dry weight via taxon-specific wet/dry regressions obtained from previous research (Kawaguchi and Nakano 2001). The biomass is expressed as dry mass (mg) per trap per day for Malaise samples and dry mass (mg) per square meter for foliage samples.
Bird observation
Bird surveys were conducted by a single observer (A. Uesugi) between dawn and 1100 hours on days of clear visibility with no strong wind. The observer visited each plot four times in a random order during each sampling period. Each observation period lasted for 25 min, and all birds seen or heard within the plot were recorded. Observation was primarily performed at the mid point of the plot, but birds detected near the edge were approached by the observer to determine whether the individual was inside the study plot or not. We avoided multiple recordings of individuals per observation period by keeping track of the locations in which individuals were initially found. A total of 8,460 observations, including 49 forest bird species, were recorded during the entire study period. Of those observations, 7,147 (84% of total) were of 18 common species (9 summer migrants and 9 year-round residents), which we selected as focal species for analyses (see Appendix).
The foraging behavior of birds in riparian plots was observed to identify prey items in mid-spring, early summer, and fall of 2001 and in winter 2002. This observation was performed between 0700 and 1100 hours only in riparian plots, since aquatic prey was absent in upland plots. When a bird was encountered, we followed it for 1 min or until we lost sight of it and recorded its prey items. Since the identification of prey items was often difficult, especially for swarming aquatic insects, we approached the foraging location to check for remaining prey. This often allowed us to estimate prey identity (see Nakano and Murakami 2001) . Prey types were classified as adult aquatic invertebrates, terrestrial invertebrates, or plant materials, such as seeds and pollen. We identified prey categories for 1,445 observations (61.5%) from a total of 2,348 foraging observations made.
Data analysis
We analyzed the biomass of arthropods separately for adult aquatic insects, terrestrial flying insects collected in Malaise traps, and for arthropods collected from foliage. Bird density was also analyzed separately for summer migrants and year-round residents. The bird density was estimated by averaging the number of birds observed during the four visits for each season, and expressing density as birds per hour per hectare. The biomass of arthropods and the density of birds were compared between habitats (riparian and upland) and the catchments of three streams (Horonai, Kumanosawa, and Tomakomai), with repeated measures for seasons (sampling periods), using two-way repeated-measures ANOVA with mixed procedure. Differences between habitats for each season were further tested by unpaired t-tests corrected with Bonferroni adjustment. Both invertebrate and bird data were log-transformed for the analysis. Analyses were performed using SAS software, Version 8 (SAS Institute, Inc., Cary, USA).
For each bird species, aquatic prey use (P) in riparian forests was calculated as a proportion of aquatic prey attack to the total amount of foraging observed during each season. A value for aquatic prey preference in each bird species was determined using Jacobs' selectivity index (Jacobs 1974) :
where D is the preference value for adult aquatic insects, r is the proportion of prey items that were aquatic, and p is the proportion of aquatic insect biomass in the study plots. The value of Jacobs' selectivity index ranges from À1 to +1, with negative and positive values indicating the avoidance and preference for adult aquatic insects, respectively.
The relationship between the degree of aquatic prey use (P) and habitat shift was examined using a seconddegree polynomial regression model. We defined the degree of habitat shift for a particular species (H) as the change in proportion of individuals in riparian habitats from mid-to late spring:
where R m and U m are the bird abundance in riparian and upland plots in mid-spring, respectively and R l and U l in late spring, respectively. Positive values of H indicate that more individuals are found in riparian than in upland plots, and that the difference in abundance between the habitats is greater in mid-spring than in late spring. The values were averaged over 2 years. This analysis was conducted using the statistical package Stat View, Version 5.0.1 (SAS Institute, Inc., Cary, USA).
Results
Insect abundance
Adult aquatic insects were found almost exclusively in the riparian forests, and the biomass peaked in early to midspring before bud break (Fig. 2a) . There was no effect of catchment (F 2, 18 =0.46, P=0.64). Significant habitat·season interaction (F 9, 162 =5.64, P<0.0001) indicated that between-habitat differences in aquatic insect biomass varied across seasons. Nevertheless, abundance was higher in riparian than upland habitats in all seasons (d.f.=22, t>3.4, P<0.001 for all comparisons).
Terrestrial flying insects were found in both riparian and upland habitats with no habitat effect (F 1, 18 =0.99, P=0.33). Their biomass was relatively low in early to mid-spring, rapidly increased as trees leafed out in late spring, and dropped to almost zero in fall and winter (Fig. 2b) . This general pattern was observed in all three catchments, although the biomass was exceptionally high in Kumanosawa riparian plots in late spring 2001 (effect of catchment: F 2, 18 =6.65, P=0.006). There were season·habitat interactions (F 9, 162 =3.01, P=0.002), but no differences in biomass were observed between riparian and upland habitats in all seasons (t<2.7, P>0.12 for all comparisons).
Terrestrial insects on foliage were equally abundant in riparian and upland habitats (F 1, 18 =2.73, P=0.11), and showed a seasonal pattern similar to the terrestrial flying insects (Fig. 2c ). An increase in late spring was largely due to the emergence of lepidopteran larvae, which accounted for more than 70% of the total biomass. There was no effect of catchment (F 2, 18 =0.34, P=0.71) and no differences between riparian and upland habitats in each season (t<2.9, P>0.07 for all comparisons). These results indicate that terrestrial invertebrates were evenly distributed between riparian and upland forests during each season.
Bird diet and distribution pattern
Birds observed in riparian habitats preyed upon adult aquatic insects frequently in the spring (39.4% of total observation, Table 1 ), but rarely in the summer (5.6%). In the spring, seven bird species preferred adult aquatic insects to terrestrial flying insects as prey (D>0). During the fall and winter, non-migratory resident birds preyed on adult aquatic insects for 27.4% and 9.0% of the time, respectively (Table 1) .
Bird densities for both residents and migrants were, in general, higher in riparian than upland habitat plots in early to mid-spring, but were similar during other seasons (Fig. 3a, b) . Similar distribution patterns were observed in all three catchments (no catchment effect: F 2, 18 =2.49, P=0.11 and F 2, 18 =0.85, P=0.44 for migrants and residents, respectively), but the seasonal pattern in bird density was different between habitats (season·habitat interaction: F 9, 162 =7.62, P<0.0001 and F 9, 162 =2.53, P=0.01 for migrants and residents, respectively). Migrants showed higher abundance in riparian than upland habitat in mid-spring during both years (t>5.7, P<0.001), and the difference was already prominent in early spring 2002 (t=3.3, P=0.02). In late spring, the migrant bird density decreased in the riparian habitat, but increased in the upland habitat, eliminating the difference between the two habitats (t>2.5, P>0.18, Fig. 3 ). Residents showed no difference between habitats in any season (t<2.7, P>0.15 after Bonferroni correction).
The above seasonal distribution patterns also varied between bird species. Generalist species that used aquatic prey at an intermediate level showed the highest degree of habitat shifts, while specialist species that foraged on aquatic prey at low or high levels were less likely to shift (Fig. 4) . This relationship was significant when the data was fitted to the second-degree polynomial regression model (P=0.03, r 2 =0.38), but not when fitted with the linear regression model (P=0.13, r 2 =0.14). 
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Discussion
The bird distribution patterns were consistent with our hypothesis that birds move between habitats in response to fluctuating resource availability. The presence of aquatic insects was restricted to riparian habitat and became available when terrestrial resources were limited. During the early spring, the total biomass of aquatic insects (Fig. 1a) was lower than terrestrial flying insects (Fig. 1b) , but seven species of birds selectively preyed upon the aquatic insects, indicating that the aquatic insects may be more important as prey resources than terrestrial flying insects. This preference for aquatic insects may be due to their slow movements and higher nutritional quality, as suggested elsewhere (Smith et al. 1998; Nakano and Murakami 2001; Iwata et al. 2003) . The late-spring emergence of lepidopteran larvae homogenized the resource environment and reduced the relative importance of aquatic subsidies. At this time, birds that had been foraging on adult aquatic insects in riparian forests switched prey items to terrestrial invertebrates. Seasonal variation in foraging strategy has been reported for various species of birds (Smith et al. 1998; Murakami and Nakano 2001) , and the ability to (78) - (0) - (0) switch foraging method is thought to maximize energy gain during periods of low resource supply (Keast 1990) .
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Previous studies have examined the effect of aquatic subsidies on insectivorous birds (Gray 1993; Smith et al. 1998; Gende and Willson 2001; Nakano and Murakami 2001) , but these investigations were limited to riparian forests. Our study on bird distribution patterns indicates that the effect of subsidies is carried throughout the catchment. High riparian density in early spring suggests that birds establishing territories in upland habitats may commute to riparian forests, which is consistent with the reports of birds foraging outside nesting territories (Davies 1976; Nagai 2000) . In summer, birds dispersed throughout the catchment and were observed foraging with increased proximity to their nests (A. Uesugi, personal observations).
The seasonal distribution pattern was more prominent in migratory birds than non-migrants, suggesting that aquatic insects are an especially important resource to early migrants, as demonstrated by other works (McCarty 1997; Smith et al. 1998 ). However, not all species responded to the aquatic subsidies in the same manner. Prey generalists that use aquatic prey at an intermediate level exhibit a higher degree of habitat shift than specialists of either aquatic or terrestrial prey (Fig. 4) . Generalists' ability to shift foraging habitat suggests that the spatial and temporal variation of aquatic subsidies could maintain high species diversity by allowing generalists, which may be otherwise competitively excluded by specialists, to persist within a catchment.
The seasonal patterns we present are indicative of catchment-wide movements of birds across habitats. However, our methods of inferring bird movements have some limitations. First, while our method allows us to infer the general patterns of seasonal changes over a large spatial scale, it lacks resolution at an individual level because we did not track each individual bird. Individual tracking methods, such as radio telemetry, allow researchers to determine the exact movement of the bird, and have been implemented in behavioral studies in passerines (Goguen and Mathews 2001; Norris and Stutchbury 2002) . However, tracking methods are limited by expense, sample size, and the temporal and spatial scales that can be implemented. Our results indicate dynamic bird movements in the spring, but individual bird behaviors can be further examined with radio telemetry to complement this information.
Increased upland bird density during the late spring may not completely reflect the movement of birds from riparian forests. Since the total area of riparian forest (<100 m from a stream) in the study catchments is approximately 10% of upland forest (see Study sites section), the individuals that left the riparian may not account for the total increase in bird abundance in the upland plots. Although most migrants arrived before the mid-spring sampling periods (A. Uesugi, personal observations), the influx of late migrants to upland forest could contribute to this increase. Nevertheless, the bird density in all riparian plots decreased after bud break, indicating that at least some birds foraging near streams moved to upland forests.
Other factors, aside from aquatic subsidies, may also influence the seasonal distribution patterns of birds. Strong territoriality may negatively impact potential habitat shifts for certain species. For example, Narcissus flycatchers display a high degree of prey switching, but do not appear to shift foraging habitat. Since male Narcissus flycatchers defend their established territories constantly by chasing intruders away (A. Uesugi, personal observations), they are probably less likely to forage outside of their territories.
Forest vegetation structure is another factor that may influence bird distribution patterns in catchments (Jackson and Fisher 1986; McGarigal and McComb 1992; Murray and Stauffer 1995; Lock and Naiman 1998) . For example, bird abundance is positively correlated with the percentage of deciduous trees in species that require hardwoods for successful breeding (Lock and Naiman 1998) . We minimized the effect of vegetation structure by conducting surveys in relatively homogenous forests across the catchment (see Materials and methods section). Our methods, therefore, allowed us to examine the direct effect of aquatic prey on bird distributions.
The input of aquatic prey may be critical for maintaining bird populations within catchments. Because spring food availability is most limited before bud break, over-wintering passerines often suffer severe mortality (Payne and Wilson 1999) , and aquatic prey subsidies may facilitate bird survival during this period. Migrants encounter less phenologically advanced vegetation as they migrate north, and aquatic prey subsidies are known to provide them with food resources critical to their recovery from the long trip (Ewert and Hamas 1995) . Subsidies may also enhance the breeding success of birds by supporting territorial and courtship activities, as well as influencing the timing of egg-laying (Svensson and Nilsson 1995) and clutch sizes (Nager et al. 1997; Olsson et al. 2001) .
The effects of aquatic subsidies may be more widespread in landscape than has been previously appreciated. Aquatic resources can influence the population dynamics of highly mobile consumers that are associated with habitats beyond the boundary areas, such as coyotes (Rose and Polis 1998 ), bears (Ben-David et al. 1998 ), bats (de Jong and Ahlen 1991 Power et al. 2004) , and rodents (Stapp and Polis 2003) . As a consequence, energy and nutrients from aquatic resource subsidies will be distributed throughout catchments by their movements. Our findings suggest that the effects of seasonally fluctuating subsidies could propagate throughout catchments via the movement of insectivorous birds. As a result, these movements of consumers may strongly affect population dynamics and food web structures.
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